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Introduction {#sec001}
============

Sleep is essential for an individual\'s mental, emotional, and physiological well-being. Insufficient sleep is prevalent in the population and is associated with cardiometabolic health outcomes\[[@pone.0182746.ref001]\]. It has been shown that insomnia with objective short sleep duration is associated with a high risk for hypertension\[[@pone.0182746.ref002],[@pone.0182746.ref003]\], and the pathophysiological mechanisms underlying this association may relate to inappropriate arousal due to the overactivation of stress system functions\[[@pone.0182746.ref003],[@pone.0182746.ref004]\].

Endothelial dysfunction, which manifests as a reduced vasodilating response to endothelial stimuli, has prognostic significance and serves as an early indicator of the development of various vascular diseases, including hypertension\[[@pone.0182746.ref005],[@pone.0182746.ref006]\]. It has been reported that sleep deprivation in animals or healthy subjects can cause vascular dysfunction\[[@pone.0182746.ref007]--[@pone.0182746.ref009]\]; however, the mechanism underlying this phenomenon remains poorly understood. The present study was designed to investigate the molecular mechanisms of REM sleep deprivation-induced hypertension and endothelial dysfunction. The results showed that REM sleep deprivation can impair nitric oxide (NO) signaling and cause endothelial dysfunction and hypertension in rats and that supplementation with L-arginine can suppress the pathological changes induced by REM sleep deprivation.

Materials and methods {#sec002}
=====================

Animals {#sec003}
-------

Six-week-old (young) and 24-week-old (middle-aged) male Sprague-Dawley rats were purchased from Shanghai Slack Laboratory Animal Co., Ltd. (Shanghai, China). All of the animals were housed in individual cages on a 12 h light-dark cycle in a room with temperature and humidity control and were allowed access to standard rat chow and distilled water ad libitum. All experimental procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the ethics committee of Shanghai University of Traditional Chinese Medicine. After 1 week of accommodation to environmental conditions, animals were used for experiments.

REM sleep deprivation {#sec004}
---------------------

Animals were deprived of sleep via the disk-over-water method, with certain modifications\[[@pone.0182746.ref010]\]. Briefly, animals were continuously kept on a small raised platform (with a diameter of 6.0 cm for young rats and 6.5 cm for middle-aged rats) surrounded by water up to 1 cm beneath the platform surface for 5 days. When they reached the paradoxical phase of sleep, muscle atonia caused them to fall into the water and awaken. Control rats were maintained on a larger platform (with a diameter of 15 cm) in a similar environment. Rats supplemented with L-arginine were continuously provided with access to L-arginine (2% in distilled water) for 5 days before REM sleep deprivation. Subsequently, these animals were continuously provided with access to L-arginine or vehicle (distilled water) for the 5 days of REM sleep deprivation. Food and water were available ad libitum through a grid placed atop the water tank. Following REM sleep deprivation, rats\' blood pressures were measured, and the rats were sacrificed. Their aortas were carefully collected for further examination.

Blood pressure measurement {#sec005}
--------------------------

Rats were anesthetized with isoflurane. Systolic blood pressure (SBP) was measured using tail-cuff plethysmography (TCP), as described previously\[[@pone.0182746.ref011]\]. TCP was performed using an automated approach (Alcott Biotech, Shanghai, China). TCP values were determined by averaging at least five consecutive measurements obtained after signal stabilization.

Myograph study {#sec006}
--------------

Rats were sacrificed, and the descending thoracic aorta was harvested. Vasorelaxation was measured using a 620M myograph system (DMT, Aarhus N, Denmark)\[[@pone.0182746.ref012]\]. Briefly, artery rings were suspended in bicarbonate buffer solution at 37°C and continuously aerated with 95% O~2~ and 5% CO~2~ for the recording of isometric tension in organ chambers. First, they were stretched to a resting tension of 2 g and allowed to equilibrate for a period of at least 60 min. Tension was readjusted when necessary, and the bath fluid was changed every 20 min. After they had stabilized, rings were exposed twice to 60 mM KCl to obtain reference contractions. Thereafter, they were contracted using phenylephrine (PE, 1 μM) and relaxed using cumulative concentrations of acetylcholine (ACh) to investigate endothelium-dependent vasodilatation in the absence or presence of different inhibitors. The utilized inhibitors included L-NAME (a nitric oxide synthase inhibitor), indomethacin (a cyclooxygenase inhibitor), and TEA (an inhibitor of endothelium-derived hyperpolarizing factor (EDHF))\[[@pone.0182746.ref011],[@pone.0182746.ref013]\]. The dilation response to ACh was presented as the percentage of the contractile response induced by PE, and the maximal relaxation (Emax) was calculated for statistical analysis.

NO assay {#sec007}
--------

NO production in situ is difficult to detect because of its rapid decay (within seconds) in physiological systems. However, NO levels can be evaluated by measuring nitrates and nitrites (NOx), which are metabolites of NO. In this study, we measured the accumulation of total nitrites in samples using the Total Nitric Oxide Assay Kit (Beyotime Biotech, Shanghai, China). After color development at room temperature, samples' absorbances were measured on a microplate reader at a wavelength of 540 nm. Sodium nitrite (NaNO~2~) was used as an external standard, and NO levels in samples were expressed as μM nitrites/g tissue.

Enzyme-linked immunosorbent assay {#sec008}
---------------------------------

Cyclic guanosine monophosphate (cGMP) concentrations in lysates of rat aorta tissue were determined using an enzyme-linked immunosorbent assay (ELISA) cGMP detection kit (R&D Systems, Minneapolis, MN, USA) in accordance with the manufacturer's instructions.

Protein extraction and western blotting {#sec009}
---------------------------------------

Aortas were lysed in a buffer \[1% phenylmethylsulfonyl fluoride (PMSF) and 0.004% complete inhibitor\] and homogenized on ice. The supernatant was collected after 10 min of centrifugation at 12,000×*g* and 4°C, and protein concentration was determined using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Equal quantities of proteins (30 μg) were separated via 10% sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA). After blocking, each membrane was incubated with primary antibodies at 4°C overnight. The present study utilized antibodies against endothelial nitric oxide synthase (eNOS) (1:500 dilution; BD Transduction Laboratories^™^; 610297), phospho-eNOS (p-eNOS) (S1177; 1:500 dilution; Abcam; ab51038), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:5000 dilution; Kangchen; KC-5G5). After three washes with Tris (plus Tween 20) buffer, membranes were incubated with horseradish peroxidase (HRP)-labeled goat anti-rabbit or anti-mouse IgG for 1 h at room temperature. Protein bands were detected using enhanced chemiluminescence (ECL) reagents. Chemiluminescent signals were detected and analyzed using the ChemiDoc XRS Imaging System (Tanon, Shanghai, China).

Statistical analysis {#sec010}
--------------------

All data were expressed as means±SEM, and *n* refers to the number of rats. SPSS 18.0 (SPSS Inc, Chicago, IL, USA) was used for comparisons of multiple groups via one-way analysis of variance (ANOVA) and LSD tests. Differences were considered statistically significant if *P*\<0.05.

Results {#sec011}
=======

Effects of REM sleep deprivation on body weight and blood pressure {#sec012}
------------------------------------------------------------------

REM sleep deprivation caused significant reductions in body weight in young and middle-aged rats ([Fig 1A and 1B](#pone.0182746.g001){ref-type="fig"}). This sleep deprivation also increased the blood pressure of middle-aged rats, with increases of 16% and 18% in systolic and diastolic blood pressure, respectively ([Fig 1D](#pone.0182746.g001){ref-type="fig"}). However, the blood pressure of young rats was not changed after 5 days of sleep deprivation ([Fig 1C](#pone.0182746.g001){ref-type="fig"}).

![Body weights and blood pressures with or without REM sleep deprivation (REMSD).\
(A)Body weights of young-aged rats.(B)Body weights of middle-aged rats (C)Blood pressures of young-aged rats.(D)Blood pressures of middle-aged rats.Data were expressed as means±SEM; n = 6 rats per study group. \**P*\<0.05 *vs*. CTRL; ^\#^*P*\<0.05 *vs*.REMSD. CTRL refers to rats not subjected to REM sleep deprivation. SBP, systolic blood pressure; DBP, diastolic blood pressure; L-arg, L-arginine.](pone.0182746.g001){#pone.0182746.g001}

Effects of REM sleep deprivation on endothelial function {#sec013}
--------------------------------------------------------

REM sleep deprivation did not affect ACh-mediated vasodilatation in the aortas of young rats ([Fig 2A](#pone.0182746.g002){ref-type="fig"}). However, the endothelial function of middle-aged rats was significantly damaged by REM sleep deprivation ([Fig 2B](#pone.0182746.g002){ref-type="fig"}). To date, the major dilatory mediators released by ACh that have been characterized are NO, prostacyclin (PGI~2~) and EDHF\[[@pone.0182746.ref013]\]. To investigate which factor mediated relaxation that was repaired by REM sleep deprivation, L-NAME (100 μM), indomethacin (10 μM) and TEA (1 μM) were used to block NO, PGI~2~ and EDHF, respectively. As shown in [Fig 3A](#pone.0182746.g003){ref-type="fig"}, REM sleep deprivation caused significant impairment of NO-mediated vasodilation of the rat aorta. However, aorta relaxation mediated by PGI~2~ or EDHF was negligible in both groups and was unchanged by REM sleep deprivation ([Fig 3B and 3C](#pone.0182746.g003){ref-type="fig"}).

![Acetylcholine (ACh)-induced vasorelaxation of the aortas of rats.\
(A)ACh-induced vasorelaxation of young-aged rats.(B)ACh-induced vasorelaxation of middle-aged.The dilation response to ACh is presented as the percentage of the contractile response induced by phenylephrine (PE, 10^−6^ M). Each point represents a mean±SEM; n = 6 rats per study group. \*E~max~ significantly different from that of CTRL (\**P*\<0.05 and \*\**P*\<0.01). ^\#^E~max~ significantly different from that of REMSD (^\#^*P*\<0.05). CTRL, control rats without REM sleep deprivation; REMSD,REM sleep deprivation; L-arg, L-arginine.](pone.0182746.g002){#pone.0182746.g002}

![Different channel mediated vasorelaxation of the aortas of middle-aged rats.\
(A)NO-mediated vasorelaxation.NO-mediated relaxation was determined in the presence of 10 μM indomethacin and 1 μM TEA to block PGI~2~ and EDHF, respectively. (B)PGI~2~-mediated vasorelaxation.PGI~2~-mediated relaxation was evaluated with 100 μM L-NAME and 1 μM TEA to block NO and EDHF, respectively.(C)EDHF-mediated vasorelaxation.EDHF-mediated relaxation was determined in the presence of 100 μM L-NAME and 10 μM indomethacin to block NO and PGI~2~, respectively. Each point represents a mean±SEM; n = 6 rats per study group. \*E~max~ significantly different from that of CTRL (\**P*\<0.05). ^\#^E~max~ significantly different from that of REMSD (^\#^*P*\<0.05). CTRL, control rats without REM sleep deprivation; REMSD, REM sleep deprivation; L-arg, L-arginine.](pone.0182746.g003){#pone.0182746.g003}

Effects of REM sleep deprivation on NO and cGMP concentrations in middle-aged rats {#sec014}
----------------------------------------------------------------------------------

As shown in [Fig 4](#pone.0182746.g004){ref-type="fig"}, REM sleep deprivation decreased NO production and cGMP levels in the aortas of middle-aged rats.

![NO production and cGMP concentration in the aortas of middle-aged rats.\
(A)NO production. NO in the aorta was measured using the Greiss reagent. (B) cGMP concentration,cGMP in the aorta was measured using ELISA. Data were expressed as means±SEM; *n* = 6. \**P*\<0.05 and \*\**P*\<0.01 *vs*. CTRL; ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 *vs*. REMSD. CTRL, control rats without REM sleep deprivation; REMSD, REM sleep deprivation; L-arg, L-arginine.](pone.0182746.g004){#pone.0182746.g004}

Effects of REM sleep deprivation on eNOS expression in middle-aged rats {#sec015}
-----------------------------------------------------------------------

Western blotting revealed decreased expression of the phosphorylated eNOS protein in REM sleep-deprived rats. However, the overall level of eNOS protein was not significantly affected by REM sleep deprivation ([Fig 5](#pone.0182746.g005){ref-type="fig"}).

![Protein expression and phosphorylation of eNOS in the aortas of middle-aged rats.\
Protein expression levels in the aorta were measured via (A)western blotting. (B and C)Chemiluminescent signals were detected and analyzed using the ChemiDoc XRS Imaging System.Data were expressed as means±SEM; *n* = 6. \**P*\<0.05 and \*\**P*\<0.01 *vs*. CTRL; ^\#^*P*\<0.05 *vs*. REMSD. CTRL, control rats without REM sleep deprivation; REMSD, REM sleep deprivation; L-arg, L-arginine.](pone.0182746.g005){#pone.0182746.g005}

Effects of L-arginine supplementation {#sec016}
-------------------------------------

Given that the eNOS/NO/cGMP signaling pathway was hindered by REM sleep deprivation, rats were provided with drinking water supplemented with L-arginine to improve this pathway and ameliorate endothelial dysfunction. The results showed that L-arginine decreased blood pressure ([Fig 1D](#pone.0182746.g001){ref-type="fig"}), improved NO-mediated vasorelaxation (Figs [2B](#pone.0182746.g002){ref-type="fig"} and [3A](#pone.0182746.g003){ref-type="fig"}), raised NO and cGMP levels in the aorta ([Fig 4](#pone.0182746.g004){ref-type="fig"}), and increased eNOS phosphorylation ([Fig 5](#pone.0182746.g005){ref-type="fig"}).

Discussion {#sec017}
==========

The present study showed that REM sleep deprivation damaged the eNOS/NO/cGMP signaling pathway and caused endothelial dysfunction and hypertension. L-arginine supplementation could protect against these changes induced by REM sleep deprivation; this finding might give rise to a new interventional strategy for sleep loss-induced hypertension or other cardiovascular diseases.

Sleep is divided into the following two broad types in mammals and birds: REM sleep and non-REM sleep. During REM sleep, muscles become completely paralyzed and unresponsive, a state known as atonia. The disk-over-water method used in the present study is an approach for inducing REM sleep deprivation\[[@pone.0182746.ref014]\]. REM sleep deprivation of rats for 5 days increased blood pressure in middle-aged rats but not young rats ([Fig 1C and 1D](#pone.0182746.g001){ref-type="fig"}), suggesting that this reaction might be age-dependent. The present results were consistent with clinical studies indicating that a short sleep duration was associated with an increased risk of hypertension in middle-aged and elderly subjects\[[@pone.0182746.ref015]--[@pone.0182746.ref017]\], suggesting that elderly people are particularly vulnerable to sleep loss or insomnia.

Endothelial dysfunction, defined as a reduction in the ability of the endothelium to transmit a vasodilatory influence on blood flow, serves as an early indicator of the development of hypertension\[[@pone.0182746.ref005],[@pone.0182746.ref006]\]. We studied whether endothelial dysfunction also existed in REM sleep deprivation-induced hypertension. The results showed that endothelium-dependent vasorelaxation was decreased significantly in middle-aged rats with REM sleep deprivation ([Fig 2](#pone.0182746.g002){ref-type="fig"}); this change was due to impaired NO production ([Fig 3A](#pone.0182746.g003){ref-type="fig"}).

In the blood vessel wall, NO is produced mainly from L-arginine by the enzyme eNOS and regulates the degree of contraction of vascular smooth muscle cells mainly by stimulating soluble guanylyl cyclase (sGC) to produce cGMP\[[@pone.0182746.ref018]\]. In the present study, eNOS phosphorylation, NO, and cGMP levels in the aorta were decreased by sleep deprivation (Figs [4](#pone.0182746.g004){ref-type="fig"} and [5](#pone.0182746.g005){ref-type="fig"}), indicating damage to the eNOS/NO/cGMP signaling pathway in middle-aged rats subjected to REM sleep deprivation.

Given that exogenous L-arginine supplementation can ameliorate the development of hypertension in rats\[[@pone.0182746.ref019]--[@pone.0182746.ref021]\], we next observed the effects of L-arginine on REM sleep deprivation-induced pathological changes in middle-aged rats. In this study, we treated REM sleep deprivation with L-arginine in drinking water. As expected, L-arginine supplementation could increase eNOS phosphorylation ([Fig 5](#pone.0182746.g005){ref-type="fig"}), augment NO and cGMP production ([Fig 4](#pone.0182746.g004){ref-type="fig"}), improve NO-mediated vasodilation (Figs [2B](#pone.0182746.g002){ref-type="fig"} and [3A](#pone.0182746.g003){ref-type="fig"}), and consequently decrease blood pressure ([Fig 1D](#pone.0182746.g001){ref-type="fig"}). Interestingly, L-arginine supplementation can protect against REM sleep deprivation-induced endothelial dysfunction and hypertension. In addition, the study results also indicate that endothelial dysfunction due to damaged NO bioavailability contributes to REM sleep deprivation-induced hypertension.

Given that there are many adverse side effects of the long-term usage of insomnia medications to improve insomnia or increase sleep duration\[[@pone.0182746.ref022]\], it is difficult to suppress sleep loss-induced adverse effects on the cardiovascular system. The present study provides a new strategy for inhibiting the signaling pathways that contribute to insomnia-induced or insomnia-enhanced cardiovascular diseases.

However, the present study was performed in SD rats. It is unclear if other rat strains also have similar response to REM sleep deprivation. Different rat strains may have different responses given different genetic makeup. Further study is needed to understand this question.
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